The direct current (dc) conductivities and organic field-effect transistor (OFET) characteristics of a class of octa-substituted liquid crystalline (discotic mesophase) phthalocyanines (Pcs) are discussed. These molecules self-organize into columnar aggregates with large coherence lengths (up to approximately 300 nm). Langmuir-Blodgett films of these molecules were horizontally transferred to either interdigitated microelectrodes (IME) or OFET substrates, so that current flow could be measured either parallel or perpendicular to the column axis. Twenty-eight bilayer films of these Pcs on the IME substrates showed anisotropies in dc conductivity up to 50:1, whereas similar Pc films showed anisotropies in field effect mobilities of approximately 10:1, for a variety of W/L ratios (source/drain dimensions and spacing). Field-effect mobilities of 1 to 5 × 10 −6 cm 2 ·V −1 ·s −1 were determined from OFET measurements, along the Pc column axis, whereas charge mobilities measured from the space charge limited current regime on the IME substrates were in the range of 10
The direct current (dc) conductivities and organic field-effect transistor (OFET) characteristics of a class of octa-substituted liquid crystalline (discotic mesophase) phthalocyanines (Pcs) are discussed. These molecules self-organize into columnar aggregates with large coherence lengths (up to approximately 300 nm). Langmuir-Blodgett films of these molecules were horizontally transferred to either interdigitated microelectrodes (IME) or OFET substrates, so that current flow could be measured either parallel or perpendicular to the column axis. Twenty-eight bilayer films of these Pcs on the IME substrates showed anisotropies in dc conductivity up to 50:1, whereas similar Pc films showed anisotropies in field effect mobilities of approximately 10:1, for a variety of W/L ratios (source/drain dimensions and spacing). Field-effect mobilities of 1 to 5 × 10 −6 cm 2 ·V −1 ·s −1 were determined from OFET measurements, along the Pc column axis, whereas charge mobilities measured from the space charge limited current regime on the IME substrates were in the range of 10 −4 cm 2 ·V −1 ·s −1 . Conductive tip atomic force microscopy measurements on the apprximately 500-nm length scale showed that the conductivity anisotropy can be as high as 1000:1 when the Pc columns are intimately contacted to an adjacent Au bond pad.
I. INTRODUCTION
Many liquid crystalline discotic mesophase materials self-organize from common solvents into coherent columnar, rod-like aggregates, and have become of interest as potential solution-processed molecular electronic materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Side-chain modified phthalocyanines, porphyrins, hexabenzocoronenes, and triphenylenes have been created that show reasonable liquid crystalline (LC) transition temperatures (K → D h ) and can be readily processed into thin films. The side chains surrounding the discotic molecular core help control self-organization into these rod-like columns, and because of their closepacking and electrically insulating nature, their presence may eventually provide for dense lateral integration of organic field-effect transistor (OFET) devices, preventing significant electrical cross-talk between adjacent columns. These side chains, however, may also create an additional energy barrier to charge injection into the rodlike aggregate, if charge injection is not directly into the macrocycle core, and may complicate the formation of ohmic contacts to these materials.
For many of these materials, thin films are formed with the column axis of the rod-like aggregate parallel to the substrate plane, the preferred orientation for optimized charge transport in an OFET. 10, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The electrical properties of some of these materials have been characterized using time-of-flight, direct current (dc) conductivity, or time resolved-pulsed radiolysis microwave conductivity methods, and charge mobilities arising from these measurements appear to be larger along the rod axis Irradiation of the multilayer films of Pc 2 at 254 nm creates cylcobutane links between adjacent Pcs and provides for stabilization and lithographic patterning of the Pc film. Polymerization of films of 2 may lead to increased coherence lengths of the Pc column, fewer defects, and increased mobility. In both the parent Pc and in the polymerizable versions there are, however, significant populations of disordered material [region (b) in atomic force microscopy (AFM) image of Fig. 1 ] where discontinuities, bifurcations, and so forth, occur over several sets of columns, which are important to the discussion of the electrical properties of these materials (see below).
In this paper, we summarize the microcircuit-based electrical characterization (dc conductivities) and recently obtained OFET characterization of these Pc molecules. For thin films of all of these Pcs, it is shown that the dc conductivity parallel to the column axis ( ) versus the conductivity perpendicular to the column axis ( ⊥ ) shows ratios ( / ⊥ ) of 2-50 for conductivities measured on the 10-m distance scale, with / ⊥ increasing to 100-1000 when conductivities are measured on the submicrometer length scale using conductive-tip AFM. The mobilities obtained from space-charge limited current regime in the dc conductivity measurements are larger than those obtained for first-generation OFET devices. The OFET i/V curves are strongly sensitive to the chemical composition of the surfaces of the source and drain electrodes. The combination of these experiments confirm the critical role played by the coherence of the rod-like aggregates, and the formation of ohmic contacts to the ends of each Pc rod, in the further optimization of OFET circuits based on these materials.
II. EXPERIMENTAL
2 , 3 , 9 , 1 0 , 1 6 , 1 7 , 2 3 , 2 4 -O c t a k i s ( 2 -b e n z y l o x yethoxy)phthalocyaninato copper (II) (abbreviated CuPc(OCH 2 CH 2 OBz) 8 8 , 2) were synthesized as previously reported. 35 Solutions of these molecules were prepared in HPLC grade CHCl 3 stabilized with ethanol (Aldrich). Substrates were modified by exposing the clean surface to a 5% 1,1,1,3,3,3-hexamethyldisilazane, 5% 1,3-diphenyl-1,1,3,3-tetramethyldisilazane solution in CHCl 3 , in an ultrasonic bath, for 30 min, with heating.
A Riegler & Kerstein RK3 Langmuir-Blodgett trough was used to form LB films with the Pc columns parallel to the compression barriers. This orientation of the Pc columns was maintained by using a horizontal (Schaefer) transfer of the segmented films to appropriately modified substrates. 37, 38 Multilayer films were deposited to either interdigitated array microelectrodes (IMEs; 25 fingerpair Au microelectrodes 3 mm in length, with 10-m spacing on silica substrates (Abtech)) or OFET substrates, one monolayer at a time (the most stable transfer conditions for films of 2) or one bilayer at a time (the most stable transfer conditions for films of 1 and 1'). A total of 28 bilayers of 1, or 1' or 28 monolayers of 2 were transferred to the IME substrates, and 7 bilayers of 1 or 7 monolayers of 2 were transferred to the OFET substrates. Residual water was removed from these samples with a stream of N 2 between each transfer step. Films were annealed in vacuum at 120°C for at least 4 h to remove any trapped water and to induce further ordering within the film by annealing at a temperature above the liquid crystalline transition temperature for the material. [17] [18] [19] [20] Following film transfer, the polymerization of films of 2 was carried out in an argon-purged environment with Hg-vapor pen lamps filtered to provide only 254-nm radiation. 17 The dc conductivity experiments were conducted with a Keithley source meter (controlled by LabView software), in a N 2 -gas purged environment, to minimize interference from adsorbed gases. The Pc-coated IME was held in this environment for several hours prior to measurement to provide for complete purging of adsorbed oxygen from the film surface. Conductivity values were calculated from the current response of linear bias potential scans from 0 to 5 V at a 0.1 volt per second scan rate. Photoconductivities were determined from current/ voltage scans in the ohmic potential region with irradiation from a HeNe laser (15 mW, 633 nm) or a Xe arc lamp (430 mW, 400-700 nm, IR filtered). Currentvoltage responses at higher fields were recorded by cycling the potential from 0 to 50 V at a 1 volt per second scan rate. Temperatures were monitored in the photoconductivity experiments with a thermocouple mounted behind the samples to insure that increases in current were not simply the result of local heating of the microcircuit.
Dark conductivity measurements on the submicrometer distance scale were made using a Veeco-Digital Instruments Dimension 3100 SPM system, using a Pt/Ir tip on a cantilever with a force constant of 0.2 N/m. Four bilayer films of 1 were deposited on 100 nm SiO 2 on Si(100) substrates with 100 nm height Au pads (ca. 2 mm × 2 mm) spaced over the surface, providing flat oxide surfaces between the bond pads up to 2 mm × 2 mm in area. These oxide surfaces were chemically modified as described above, to optimize their hydrophobic character and the coherence of the Pc films. The Pt/Ir tip was positioned near the gold bond pad, at positions which would allow measurement of dark conductivities either parallel to the Pc column axis or perpendicular to that axis, in a region of the Pc film not more than approximately 5 m away from the Au bond pad (see below). Current-voltage curves were obtained at several positions on the Pc film, as the tip was brought either successively closer or further away from the bond pad. In subsequent studies, we obtained images of current versus position on these thin films, with the current preamplifier set to record differences in current over the range from 0.2 to 2.0 pA.
All OFETs were fabricated on 〈100〉 n-type silicon substrates with a resistivity between 0.008 and 0.02 ⍀·cm. 37 This highly doped silicon substrate was used as the gate electrode while a thermally grown 100-nm oxide layer over this substrate was used as the gate insulator. Electrodes were defined on the surface of the thermal oxide using standard photolithographic liftoff techniques to define Ti/Au (10 nm/100 nm) source and drain contacts. The surface was cleaned with an oxygen plasma at 100 W for 2 min to remove any residual photoresist. The source-drain widths available on each OFET chip were 10, 20, 50, 100, 200, 500, and 1000 m, with the 200-1000-m devices being the most commonly used for these studies. These devices had sourcedrain lengths of 1, 2, 3, 4, 5, 10, 20, and 50 m. These width and length combinations result in a wide variety of width-to-length ratios (from 0.2 to 1000).
To avoid placing organic material on the upper surface of the gold source and drain contacts, the upper surfaces of the contacts were masked off with a black strippable paint. After the paint had dried (approximately 30 min), the samples were placed into a custom-made sample holder that allowed for two OFET chips to be mounted at the same time, either with the same orientation, or with orthogonal orientations (for anisotropy studies), whereupon horizontal transfer of the Pc LB films was conducted. Control experiments have shown that negligible contamination or damage to the Au contacts was created by the use of the black strippable paint. 38 Following Pc film deposition on OFET substrates, the black strippable paint was peeled off, and the films were annealed in vacuum at 120°for 4 h and left in vacuum (usually overnight) until immediately before transport to the testing environment. Samples were placed in separate Nalgene jars in an argon purged and vacuum sealed (approximately 100 mTorr) dessicator for sample transport. The dessicator remained sealed until immediately before testing was to begin. These steps were taken to try to avoid excess doping of the films with oxygen, which was evident in the testing process over time.
For studies involving chemically modified source and drain electrodes, the entire OFET chip was first immersed in a 1 mM solution of 4-mercaptopyridine (Aldrich) in ethanol for at least 24 h. The chip was thin rinsed in ethanol, dried in a stream of nitrogen, and masked with the black strippable paint, as for the unmodified OFET circuits.
The OFET chips were tested with a custom probe station. Signatone micromanipulators were used to position tungsten probes onto the surface electrodes. An Agilent 4142B modular dc source/monitor was used to acquire the electrical data from the organic transistors. The ground channel was connected to a common source, and two separate channels were contacted to two separate transistor drains, which allowed the simultaneous testing of two transistors. Contact was made to the gate through a back-side gold contact in contact with a base plate that was under potential control. The source-drain voltage was then swept with a reduced sweep rate so that the low mobility transistors could respond. The source current monitor was interfaced with LabView software to control the scan voltages on both the drain and the gate.
III. RESULTS AND DISCUSSION

A. dc conductivities for Pcs 1 and 1'
Dark and photoconductivities of thin films of Pc 1, 1', and 2 were first investigated using interdigitated array microelectrode circuits (IMEs; 10-m spacing between electrodes) on silica substrates, which were surfacemodified using a mixture of methyl-and phenylterminated silanes. 19 The results of these measurements are summarized in Table I . Similar studies of dc conductivity on IMEs have been reported by Neher and coworkers for rod-like silicon phthalocyanine polymers, [12] [13] [14] and in our own preliminary work for Pc 1. 20 Relatively thick (28 bilayers) multilayer thin films of Pcs 1 and 1' and 28 monolayer films of Pc 2 were deposited onto two IMEs oriented orthogonal to each other during the horizontal deposition process, producing comparable Pc thin films from the same Langmuir layer with parallel and perpendicular orientations of the Pc column rod axes with respect to the legs of the microcircuit (inset of Fig. 2 ). AFM images of the transferred Pc films on these microcircuits reveal that each bilayer film is cut by the square profile Au microelectrode fingers (approximately 100-nm height) during the horizontal deposition so that the Pc film makes contact primarily to the sides of these microcircuit legs. 20 This may be significant both for these measurements, and for the OFET measurements below, as these Au fingers are deposited on the silica substrate using first an approximately 5-nm adhesion layer of Ti, which is likely oxidized prior to film deposition, so that the bottom Pc layers likely do not contact Au, and the upper Pc layers may make only intermittent contact with the Au pads.
Linear current-voltage plots were observed for all Pc films examined in the applied voltage range from 0 to approximately 10 volts [Figs. 2(a) and 2(b)], corresponding to applied fields of up to 10 4 volts/cm. In-plane conductivities ( s ) using microcircuit arrays can be estimated in this linear regime according to
where j is the current density, V the applied potential, and L the electrode spacing in centimeters (10 −3 cm for these circuits). 13, 14, [38] [39] [40] Dark conductivities for 28 bilayer films of Pc 1 were approximately 10 −10 ⍀ −1 cm −1 for ⊥ and ranged from 2 × 10 −10 to 5 × 10 −9 ⍀ −1 cm −1 for II , with anisotropies in dark conductivity in this ohmic regime: 2 ഛ II/ ⊥ ഛ 50 (Table I) . Twenty-eight bilayer films of Pc 1' displayed similar j-V behavior with 10 ഛ II/ ⊥ ഛ 20 in the ohmic regime. Similar anisotropies in current have been measured on ordered films of hexabenzocoronene derivatives by Warman and co-workers using time resolved microwave conductivity. 41 At potentials above 15 volts the current-voltage behavior for all Pc films exhibited space-chargelimited current (SCLC) behavior at fields exceeding 10 4 volts/cm. [38] [39] [40] 42 We assume a dielectric constant for the material, ≈ 2, 43 and use the slope of the linear j SCLC versus V 2 plots (Fig. 3 ) to estimate mobilities () for these thin film materials according to Child's Law
where j SCLC is the current density in the SCLC regime, o is the permittivity of free space, V is the potential, and d is the separation between the electrodes (10 −3 cm). 43 Charge carrier mobilities exceeded 10 −4 cm 2 ·V −1 ·s −1
(holes are the majority charge carrier in these easily oxidized systems) and electrical anisotropies as high as 50:1 ( II/ ⊥ ) were observed. 37 The variability in these responses was significant, especially for conductivity measurements along the column axis direction, with current densities varying by as much as a factor of 10× from microcircuit to microcircuit. We attribute this variability to the difficulty in making uniform electrical contacts to the entire Pc film, owing to the variability in "cutting" these thin films with the microcircuits during horizontal film transfer. The increases in conductivity, mobilities, and electrical anisotropy reported here versus those reported previously for other rod-like Pc assemblies [12] [13] [14] likely arise from enhanced long-range order in the Pc columns, owing to the nature of the interactions between side chains and the surface modification protocols adopted to prepare the microcircuit substrate for proper wetting and transfer of the Pc aggregates.
The photoconductivities of these materials were also explored. for films of Pc 1 and 1', respectively, the ratio of phototo-dark conductivities was as high as 50, and anisotropies in photoconductivity ranged from 10 ഛ II/ ⊥ ഛ 70. During excitation with the filtered white light source, current densities were as much as a factor of 20× higher, and II/ ⊥ ranged from 6 to 98.
B. dc conductivities of Pc 2
As discussed in recent reports, 17 the annealed but unpolymerized films of Pc 2 show dark conductivities, hole mobilities, and values of II/ ⊥ comparable to annealed films of Pc 1. After irradiation of films of 2 for 5 h, however, dark conductivities increased parallel to the column axis and decreased perpendicular to the column axis, causing II/ ⊥ ratios to increase by 10× relative to prephotolysis values. From the slopes of j versus V 2 plots in the SCLC regime, we estimate hole mobilities as high as 1.7 × 10 −3 cm 2 ·V −1 ·s −1 for photolyzed films of 2.
37,38
The most likely explanation for this increase in apparent mobility is the removal of trap sites due to structural defects in the bulk of the Pc film, which is where most of the current flows in these IME circuits. Whether there is some interdigitation of the side chains on adjacent columns upon polymerization is not clear and is the subject of current studies using conductive tip AFM on a submicrometer distance scale. 
where I D is the drain current, W and L are the width (distance end to end) and length (separation) of the source and drain electrodes, C i is the capacitance per unit area, is the field-effect mobility, V G is the gate voltage, and V T is the threshold voltage. Charge mobilities are extracted from this region of the curve by calculating the transconductance (g m )
Contact resistances were extracted from a plot of the total device resistance (calculated from Ohm's law in the linear region of the I D versus V D plot) versus the device length extrapolated to a length of zero. 44 This extracts the contact resistance from the total device resistance, which also includes resistances from the semiconductor itself and grain boundaries within the semiconductor. Both the mobilities and the contact resistances for the OFETs based on Pc 1 exhibited a wide range of values, as with the microcircuit dc conductivity experiments, which we attribute to irregular contact between the Pc film and the source-drain electrodes in each device. Typical mobilities (measured over approximately 20 devices) were between 1 × 10 −6 cm 2 ·V −1 ·s −1 and 5 × 10 −6 cm 2 ·V −1 ·s −1 , and contact resistances were between 10 9 and 10 10 ⍀. These contact resistance values are similar to those measured by Frisbie and co-workers in small molecule transistors (sexithiophene and pentacene), [27] [28] but are considerably higher than those measured on a poly(3-hexylthiophene) by Bürgi and coworkers. 45 Figure 5(a) focuses on an analysis of the source-drain currents for OFETs created from Pc 1, at V D ‫ס‬ V G ‫ס‬ −20 volts (near saturation conditions). Devices are compared where the columnar aggregates were deposited so that current would flow either parallel or perpendicular to the Pc columns [as in Fig. 2(b) ]. In this generation of OFET devices the saturation current parallel to the Pc column axis (I D, ) is approximately 10× higher than that perpendicular to the columns (I D,⊥ ). The uncertainty in measuring I D,⊥ is higher (noise in the measured current was greater) than for I D, . As will be discussed below, the fact that the ratio I D, / I D,⊥ is constant with W/L ratio suggests that the fraction of Pc columns that make good contact to the source-drain electrodes, and therefore contribute to the OFET activity of these thin films, is approximately constant with electrode dimension (but with considerable variability), down to the smallest electrodes explored in this study. Anisotropy measurements were also made on annealed films of 2 with currents measured both parallel and perpendicular to the column axis. Similar to films of 1, the currents measured perpendicular to the column axis were very noisy. Drain currents measured at V D ‫ס‬ V G ‫ס‬ -20 V are plotted as a function of W/L for the devices with films of 2 in Fig. 5(c) . These currents also fell along two lines depending on the direction of current flow; currents were on average 10-30 times higher along the column axis than across it. The range of anisotropies for films of 2 is higher than that observed for films of 1, suggesting that these as-deposited films exhibit more well ordered columnar structures on these substrates.
The effect of reducing the channel length in these OFETs is shown in plots of I D versus 1/L in Figs. 5(b) and 5(d). It is clear that the current in the longer channels follows a linear trend as described by Eq. (5)
In the 1-m channel, however, the currents are lower than predicted. This effective current decrease for short channels has been observed previously and has been attributed to the relatively larger fraction of V D that is lost due to a voltage drop at the contacts due to contact resistance. 46 The effect of polymerization on these films was probed by preparing and testing two identical samples, polymerizing one of the samples, and then retesting both samples. In this way, the sample that was not polymerized acted as a control to determine the effect of testing and handling on the electrical properties of the film. Figures 4(a) and 4(b) shows I D versus V D curves for a device on the chip that was polymerized, before and after this polymerization process. After polymerization, the currents actually decreased by approximately 50%, in contrast to dc conductivity experiments previously reported. 17 Figures 4(c) and 4(d) summarize this data for a range of devices in a plot of I D (at V D ‫ס‬ -25.5 V and V G ‫ס‬ -25 V) versus W/L for both the control film [ Fig. 4(c) ] and the polymerized film [ Fig. 4(d) ]. The control experiment showed a slight but consistent increase in current for the second testing, most likely due to oxygen doping in the films, which is well documented in phthalocyanine materials, due to the slow introduction with time of partially oxidized Pcs, which act to "dope" the Pc film. [47] [48] [49] [50] This doping acts to increase the drain currents but decrease the degree of saturation with time. Currents on the second chip, which underwent irradiation with 254-nm light to polymerize the film, consistently showed a decrease in current following the polymerization process [ Fig. 4(d) ], which as the control experiment demonstrated was not due to film testing and handling. We have previously verified that films of 2 do not suffer decomposition during these polymerization steps, as they are carried out in Ar saturated environments, and there is no loss of Q-band absorbance intensity in these films over time. 17, 37, 38 From experiments done to date we conclude that for Pc films of this thickness, on these OFET substrates, microstructural changes during the polymerization event actually cause a partial loss of contact to the source/drain electrodes in the region of the Pc film near the oxide substrate. 17 Experiments with top contacts to these materials, extensively modified substrates, and measurements on sub-micron length scales, are underway to further explore this phenomenon.
It has been shown in OFET studies of other organic materials that there may be some benefit in modification of the Au source/drain contacts with substituted thiols, to improve both wettability and decrease charge injection barriers. [51] [52] [53] We are evaluating similar strategies with these columnar Pc films, but have had our best results with 4-mercaptopyridine [see inset of Fig. 6(c) ], which is expected to orient a pyridine moiety (a weak ligand for d 10 metals such as copper in the Pc core) so that the nitrogen is exposed to the termini of the Pc columnar aggregates at the boundaries of the Pc film. Figures 6(a) and 6(b) show I D versus V D curves for a transistor with bare electrodes and modified electrodes, respectively. In general, the current at any bias increased by a factor of approximately 4× for devices modified with 4-mercaptopyridine. This data is summarized for more of the transistors tested in Fig. 6(c) where the drain current (at V D ‫ס‬ −25.5 V and V G ‫ס‬ −26 V) is plotted versus W/L to illustrate that this trend continues for all of the devices measured. Contact resistances for these devices, however, continued to show considerable variability, and additional Au modifiers and modified Pcs are being evaluated to further improve these i/V characteristics.
Silane modifications of gate oxides in OFETs, prior to deposition of organic semiconductors, has also been shown to provide for better transistor behavior. [53] [54] [55] Indeed, our own previous experiments have shown that modification of oxide/Si(100) surfaces with specific silanes (especially those with phenyl termination) produces a more coherent film of Pc 1 and 2, [17] [18] [19] [20] 37, 38 and those modification procedures were evaluated in our first generation OFET experiments. In the experiments conducted to date, however, no dramatic increase in I D or charge mobilities were observed as a result of those modifications to the gate oxide. More experiments are clearly warranted to further evaluate these modification steps where the OFET behavior is evaluated on smaller length scales and with top contacts.
D. Conductive tip AFM characterization of electrical properties of thin films of Pc 1
The challenges to obtaining high charge mobilities from these discotic mesophase materials in OFET technologies are revealed in conductive tip AFM characterization on the submicrometer distance scale. Figure  7 shows the current-voltage curves for a 4-bilayer film of Pc 1 deposited on a 100 nm SiO 2 /Si(100) wafer, where a 2 mm × 2 mm Au bond pad acted as one electrode and a Pt/Ir AFM tip acted as the opposite electrode. Several current-voltage curves were recorded, as the distance between the tip and the bond pad was varied from approximately 10 m to approximately 0.1 m, approaching from both directions parallel to the Pc column axis and perpendicular to the Pc column axis [schematic views in Fig. 7(b) ]. At tip-to-pad distances in excess of approximately 1 m, parallel to the Pc column axis [schematically shown as point 1 in Fig. 7(b) ], or at any tip-to-pad distance perpendicular to the column axis (e.g., points 3 and 4 in Fig. 7) , the current-voltage response was linear (ohmic regime), and the measured currents were not bigger than 0.2 pA at an applied voltage of 10 volts. In selected regions of the Pc film, measurements along the column axis at tip-to-pad distances less than 0.5 m (e.g., point 2) produced significantly different current-voltage behavior, with adistinct nonlinear increase in current density above applied fields of approximately 10 5 volts/cm. There was some rectification in the i/V response, suggesting that the barriers to charge injection at the Pt/Ir and Au contacts are not equal. 39, 40 Comparing the currents at points on the Pc film (such as point 2 versus point 4) anisotropies in conductivity ranged from 50:1 up to 1000:1. Current versus V 2 plots were obtained at point 2 and similar points near the Au bond pad, parallel to the Pc column axis from which estimates of charge mobilities were made. The calculated mobilities have considerable uncertainty due to the unknown contact area of the tip, and the degree of contact between the Pc film and the Au bond pad. The tip area has been estimated from the known geometries of the AFM tips used, 38 and assumptions as to the penetration depth of the tip into the sample during the actual measurement. Assumed tip contact areas for penetration through one monolayer, or through all 4 bilayers, give electrode surface areas of 14 nm mobilities from these measurements of 0.01 to 0.2 cm 2 · V -1 ·s -1 , which is higher than those measured using the IMEs, and significantly higher than the field effect mobilities measured with the OFETs.
Comparisons between the conductive tip AFM and OFET measurements are difficult to make. Figures 5(b) and 5(d) illustrated an effective current decrease at the L ‫ס‬ 1-m devices, however, the mobilities measured on the L ‫ס‬ 500-nm scale in the AFM studies are clearly much higher. The significantly different geometries (W/L ratio) of these experiments may be the cause for these differences, as W/L can be as low as 0.01 for the AFM experiment and can be as high as 1000 for the OFET experiments. High mobilities in the conductive tip AFM experiment, however, are not unexpected given the small length scale of the measurement (close to the average length of the most coherent Pc columns we have seen by AFM measurement), and the small area of the film that is being investigated (only a few adjacent columns).
The high currents and charge mobilities were only seen on a fraction of the Pc film deposited by horizontal transfer to these substrates. As might be expected, ohmic contact between the rod ends in these Pc films and the walls of the Au pads is not achieved over large areas, suggesting that the i/V responses in Figs. 2-6 above are achieved from only approximately 5-10% of the total Pc film area. Images of the current, at a bias of 7 volts, were taken over large areas of the Pc film near the Au contacts, and bright regions (currents like that shown for point 2 in Fig. 7 ) were seen at distances within 0.5 m of the bond pad, only for directions parallel to the Pc columns, and only for approximately 5-10% of the Pc film regions close to these bond pads. 38 Further experiments of this type are underway with modification of both the gate oxide and the source/drain electrodes to determine the FIG. 7 . Dark conductives of a two bilayer film of Pc 1 on silicone oxide using a gold bond pad for one the the electrodes and a Pt/Ir AFM tip as the other electrode. This schematic side view of this experiment is shown in (a), and a schematic of the positions of the tip with respect to the bond pad are shown in (b). Data was taken at several points approaching the bond pad, so that the conductivity axis was parallel to the Pc column axis (points 1 and 2) or perpendicular to the Pc column axis (points 3 and 4). i/V curves are shown in (c) for current flowing parallel to the column axis at distances of ca. 0.5 m (point 1) and at distances greater than 1 m (point 2).
conditions under which enhanced contact, and enhanced coherence of the Pc films can be achieved.
IV. CONCLUSIONS
The formation of well-organized discotic mesophase materials into rod-like columnar aggregates has intrinsic appeal for OFET systems, provided that these materials can be organized sufficiently over reasonable coherence lengths to take advantage of the high mobilities along the column axis and that ohmic contacts can be readily made to the column ends. To date, including the work presented here, these systems have not shown the performance characteristics of other vacuum-deposited or solution deposited small molecule systems, especially when compared with recent reports of pentacene and oligothiophene transistors with exceptionally high mobilities. [56] [57] [58] It is clear that we can obtain columnar aggregates with coherence lengths up to approximately 150 nm, and anisotropies in electrical conductivity and current ( II/ ⊥ and I D, / I D,⊥ ) which are 10-100, when measured on the 2-10-m length scale, and up to 1000 for dc conductivities measured on the submicrometer length scale. The role of the side chains in preventing flow of charges perpendicular to the columns appears to be constant when characterized on the micrometer length scale, as revealed in our OFET studies with variable length and widths in these circuits. The implication is that a constant fraction of the Pc columns are oriented to maximize charge mobilities along the column axis [inset (a) in Fig.  1] , and similarly, a constant fraction within each film is disordered to such an extent to allow current to flow perpendicular to that direction [inset (b) in Fig. 1] .
If film properties can be further optimized to achieve greater coherence, with a higher fraction of the Pc columns oriented along the desired current axis, and if the source/drain electrode gap (L) can be routinely reduced to submicrometer length scales, we can anticipate much higher field effect mobilities for LB-deposited thin films. Experiments to verify this hypothesis are underway, as is the characterization of new Pc materials with modified side chains that make them amenable to thin film spincasting or solution casting, where ordering is achieved after film deposition.
